Introduction
Biological calcification can be divided into two distinct phases; that is, the initial and the subsequent calcification. Initial calcification involves the matrix vesicle that provides the locus for the nucleation of apatite crystals in various calcified tissues; however, calcified tissue cells also play an important role in overall biological calcification processes for the regulation of minerals as well as the formation of both organic matrices and matrix vesicles.
Biological calcification, of course, involves a series of steps in which soluble calcium and inorganic phosphate are transformed into a solid phase, apatite crystals. The ionic form and concentration of the electrolytes in the cells, extracellular matrix vesicles, and the surrounding extracellular fluid are important to this process (17) . However, little is known about the precise location of minerals in the calcified tissues.
The research report was designed to elucidate the precise location and to detect the elements of the cellular and extracellular mineral constituents by analytical electron microscopy (AEM) in order to clarify the morphophysiology of biological calcification in hard tissues, particularly the initial calcification by matrix vesicles.
Materials and Methods
Epiphyseal cartilage, bone, and tooth germs from young rats were used. In addition to conventional fixation with glutaraldehyde in cacodylate buffer followed by osmium tetroxide, cytochemical calcium detection with K-pyroantimonate (PPA) and with a fixative containing CaC12 (10), inert dehydration (16) , and frozen ultrathin sectioning methods were used to prepare specimens for AEM. The microprobe conditions on a Hitachi HSO0H electron microscope fitted with a Kevex 7000 Energy-Dispersive X-ray (EDX) Spectrometer were 75 'Presented as part of the program at the 1982 Joint Meeting of the American and Japanese Histochemical Societies, held in Vancouver, British Columbia, Canada, July 20-24, 1982.
kV accelerating voltage, 1 x 10 -' A specimen current, and 20 to 100 nm spot size. For the quantitative analysis of Ca and P, the calibration standard used to convert the net count ratio of Ca/P to the mass ratio of Ca/P was calcium triphosphate suspended in collodion. The K-factor (= 0.88) applied to the net count ratio of the sample was used to convert it to the Ca/P ratio of the standard (= 2.45) by the mean net Ca/P count ratio of the standard. Selected area electron microdiffraction was also carried out on unstained sections about 100 nm thick using a Hitachi HSO0H electron microscope.
Results and Discussion

Cytochemical Demonstration of Calcium
With conventional fixation using glutaraldehyde and osmium tetroxide, elements were mostly undetectable by AEM, whereas both the PPA and the Ca-containing fixative methods were useful in detecting the location of calcium as dense precipitates of Ca-Sb and/or Ca-P, respectively. When PPA was used, electron-dense precipitates, mainly calcium antimonate complexes, were seen predominantly in mitochondria, plasma membranes, and the Golgi apparatus of various calcifying tissue cells (11, 12) . As already shown by Brighton and Hunt (3) in the epiphyseal cartilage, the Ca-Sb was located primarily in mitochondria and plasma membranes throughout most of the growth plate. With increasing proximity to the calcified zone, however, there was a gradual loss of precipitates from the mitochondria and plasma membranes and a concomitant accumulation of Ca-Sb by matrix vesicles. In the PPA method, however, the antimony La line (= 3.60 keV) was hidden directly beneath the major calcium Ka line (= 3.69 keV), as the resolution of the spectrometer was about 148 eV. Therefore the L/3 line for antimony (= 3.85 keV) was used in order to distinguish the Ca peak from the overlapped X-ray energy intensity peak of the antimony complex. Furthermore, both PPA dispersed in Epon and synthetic Ca-Sb precipitates were used as standard samples to compare the X-ray energy peak from the electron-dense precipitates caused by the antimony reactions. When the procedure for detecting calcium according to the method of Oschman and Wall (10) was employed, electron-dense granules, principally CaPi by AEM, were found mostly in the same places as in the case of the PPA method, but not so intensely, as shown in Figure 1 .
Inert Dehydration Method
The inert dehydration technique, which was introduced by Pease (16) is basically a physical method, presumably leaving proteinaceous systems essentially intact in their native states, and has been applied to calcified tissues by Landis et al. (9) . This method is quite useful in detecting elements by AEM, since it is more specific than any other cytochemical methods, such as PPA fixation. Numerous mitochondrial granules were clearly observable in unstained sections of various calcifying tissues prepared completely anhydrously (9, 15) . Matrix vesicles in calcifying cartilage matrix, osteoid, and mantle dentine contained electron-dense granules that were similar to those of the mitochondrial granules. X-ray spectra by AEM showed distinct peaks for Ca and P in these granules (7, 18) . When anhydrous sections were stained by lead at a high alkaline pH, granules appeared more intensely, suggesting that a part of the calcium was replaced by lead during the staining procedure ( Figure 2 ).
Frozen Ultrathin Sectioning Method
Unfixed frozen ultrathin sectioning provided a more reliable approach to the investigation of the initial calcification of hard tissues by AEM. A large number of dense intramitochondrial granules, 20 to 80 nm in diameter, were observed in the chon- drocytes (1, 2, 13) , osteoblasts (4, 5, 8, 15) , and odontoblasts (14), respectively. Within the longitudinal septa from the hypertrophic cell zone to the calcified zone of epiphyseal cartilage, within the osteoid closest to the osteoblasts, and within the mantle dentine, many dense granules of about the same diameter as those seen in the mitochondria were observed (2, 4, 5, 8, 13, 14) . They were mostly identified as matrix vesicles after osmium vapor treatment or staining with uranyl acetate (4) . Larger dense granules closely associated with the calcified spherules were occasionally seen as hollow granules containing fine microcrystallites (Figure 3 ) (13), and they appeared to be identical to heterodispersed particles, as reported by Landis and Glimcher (6) . Elemental analysis of mitochondrial granules of each cell revealed distinct peaks for Ca and P, and gave a mean Ca/P mass ratio of 0.99, so that the molar ratio was 0.77. The small granules in the extracellular matrix gave a mean Ca/ P mass ratio of about 1.0, molar ratio 0.8, whereas for the larger granules close to the calcified spherules, a mean Ca/P mass ratio of 1.63, molar ratio of 1.26, was found. Electrodiffractograms of these granules resulted only in a hazy ring, indicating that they consisted of noncrystalline calcium phosphate. Elemental analysis of the calcified spherules, however, composed of numerous crystallites, showed them to have a mean Ca/P mass ratio of 2.05, and electron microdiffractograms of these crystallites demonstrated characteristic ring patterns, indicating that they were composed primarily of apitite crystals (2, 13) . Landis and Glimcher (6) have recently proposed a new concept of matrix vesicle calcification in tissue mineralization that is in disagreement with earlier reports regarding whether matrix vesicles in vivo contain a solid phase of calcium phosphate. Elemental analysis has also revealed a significant amount of Mg in the mitochondrial granules as well as in the matrix vesicles found in the early stage of calcification. They gave a mean Mg/Ca count ratio of 0.22, whereas for the matrix vesicles closely associated with calcified spherules in the epiphyseal cartilage, a mean Mg/Ca count ratio of 0.10 was found. The mean Mg/Ca count ratio of the calcified spherules was approximately 0.05, indicating that the relative content of Mg in the matrix vesicles decreased with proximity to the calcified region (Table 1) .
These morphological data, obtained by AEM, indicate that the mitochondria of calcified tissue cells and the extracellular matrix vesicles found at the beginning of calcification contain (count ratio)°M t-Gr: intramitochondrial granules; Gr-1: electron-dense granules (30-50 urn in diameter); Gr-2: electron-dense granules (50-80 nm in diameter). significant amounts of calcium and phosphate in the noncrystalline forms, and support the view that mitochondria of these cells may actively incorporate calcium and load it, then release it, forming nascent calcium phosphate precipitates at the plasma membrane to induce membrane fusion and produce matrix vesicles. Matrix vesicles inducing apatite formation are accompanied by release of Mg, which may be important in maintaining the nascent calcium phosphate in a noncrystalline form within the matrix vesicles (17) .
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